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ABSTRACT. A three-component coupling reaction of phenylacetylene, p-toluenesulfonyl azide, and water through copper
catalysis is described to provide knowledge of spectroscopy and catalytic reactions and to introduce current research topics in
organic chemistry for second-year undergraduate students. In the presence of stoichiometric amounts of phenylacetylene, p-
toluenesulfonyl azide, and triethylamine, the reaction was performed with 4 mol% CuCl in water as the sole solvent and was
completed in 1.5 h. A practical purification method and recrystallization of the crude reaction mixture resulted in the rapid iso-
lation of the desired product with yields of 42~65%. Students characterized 4-methyl-N-(phenylacetyl)benzenesulfonamide by
using melting-point determination, infrared spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy. This experi-
mental procedure and spectroscopic data analysis will serve as a platform for students to apply classroom knowledge in practi-
cal state-of-the-art research.
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INTRODUCTION In this paper, I describe the synthesis of 4-methyl-N-(phe-
nylacetyl)benzenesulfonamide via a Cu(I)-catalyzed three-
The field of transition-metal catalysis has yielded nine component coupling reaction of phenylacetylene, p-tol-
Nobel laureates since 2000," which highlights the impor- uenesulfonyl azide, and water (Scheme 1)."! This protocol
tance of organometallic chemistry in the field of synthetic provides an alternative synthetic pathway of preparing the
chemistry. The importance of educating junior-level under- amides for second-year students. The mechanism of a three-
graduate students about transition-metal catalysis has been component coupling reaction should be more complicated
emphasized in several books, papers and review articles.”® than those of bi- or uni-molecular reactions, so it is very
However, the intrinsic limitation of transition-metals such challenging for students to propose their plausible reaction
as Pd, Rh, and Ir, i.e., their scarcity in the Earth’s crust, has mechanism.'? This experiment includes the concept of
become a serious problem. The Chinese government, which Cu-assisted C—H activation, the synthetic application of
is responsible for the production of over 97% of all rare- alkynes, and the in-depth analysis of spectroscopic data.
earth elements, is steadily decreasing the annual produc- The related references of this experiment introduce stu-
tion of these elements.” Thus, the use of Cu, a relatively abun- dents to state-of-the-art research topics, especially C—H
dant transition-metal in the Earth’s crust, as a promising activation.”

replacement for traditional Pd or Rh metals is attractive to
o

organic chemists.® o I
Despite the importance of Cu chemistry, few undergradu- < > = + Me@ﬁ—%

ate-laboratory experiments dealing with Cu catalysis are 0
conducted.” Moreover, organic chemistry laboratory experi- 4 mol % CuCl

ments in Korea mostly consist of reactions developed a long EtsN

time ago, such as the Grignard reaction of benzophenone H20,25°C, 1h

with phenylmagnesium bromide, the hydroboration of 1- H

hexene with a BHs;-THF complex, and the Diels-Alder reac- N \S//O

tion of cyclopentadiene with maleic anhydride.'” These m (off \©\

experiments help students understand what they learned Me

in a textbook but do not represent the state-of-the-art stud- Scheme 1. Synthesis of 4-methyl-N-(phenylacetyl)benzenesul-
ies currently conducted in organic laboratories. fonamide.
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PEDAGOGICAL GOALS

This experiment was designed to accomplish two ped-
agogical goals. First, the experiment aims to help students
apply what they learn in undergraduate organic chemistry
courses in experiments, especially spectroscopic analysis
and transition-metal catalysis, through hands-on experi-
ence. Furthermore, the synthesis of 4-methyl-N-(pheny-
lacetyl)benzenesulfonamide from phenylacetylene highlights
the synthetic utility of alkynes. Second, this experiment
serves as a preview of cutting-edge chemistry studies. Cu
catalysis is a hot research subject, and this experiment allows
students to explore a state-of-the-art research topic in the
field of organic chemistry.

EXPERIMENTAL

The experiment was carried out in two 2-h laboratory
sessions for second-year undergraduate students. The prelab
materials were provided to students the week before the
laboratory class along with a pedagogy document outlin-
ing the learning objectives, experimental procedures, and
assessment (see the Supporting Information, page S1). Stu-
dents worked in groups of two or three, and each lab class
contained less than 12 groups.

Conducting the reaction

In the first 2-h laboratory session, students first reviewed the
reaction procedure and safety precautions with an instruc-
tor. Students sequentially added p-toluenesulfonyl azide
(1.1 equiv), copper iodide (4 mol%), and phenylacetylene
(1.0 equiv) to a 25-mL round-bottom flask equipped with
a stir bar and dissolved the reagents in distilled water (2 mL)
under air. The reaction was initiated by the dropwise addi-
tion of triethylamine (1.1 equiv), and the reaction mixture
was stirred for 1 h at ambient temperature. The reaction was
quenched with an aqueous acidic solution and extracted
with CH>Cl. After combining the organic layers, students
performed thin-layer chromatography on SiO; plates by
eluting the combined layers with 1:5 EtOAc/n-hexanes to
check the presence of remaining phenylacetylene and the
formation of 4-methyl-N-(phenylacetyl)benzenesulfonamide.
Each group was asked to qualitatively report the spot size
of the remaining phenylacetylene in the postlab report (no
starting material, trace, or significant amount).

Product purification and characterization
The combined organic layer was dried over Na,SO,, fil-
tered, and concentrated in vacuo. Recrystallization with

hot CH,Cl, and n-hexane yielded a solid product. Students
collected the solid via filtration and dried the product under
air for 40 min. Students recorded the weight of the obtained
product and conducted an experiment to determine the
melting point. Due to instrument availability, only two groups
in each class obtained Fourier-transform infrared (FT-IR)
spectra. Other groups were provided with copies of two
groups’ spectra. The 'H and *C nuclear magnetic resonance
(NMR) spectra of the representative sample collected from
students were obtained by an instructor, and copies were
given to students to analyze the structure.

Hazards

p-Toluenesulfonyl azide must be prepared inside a fume
hood by a skilled instructor before the laboratory class due
to the explosive danger of p-toluenesulfonyl azide and the
toxicity of the reagents required to prepare the chemical.
Students handling p-toluenesulfonyl azide should stay away
from a heat source.'* Sodium azide is highly toxic and very
dangerous for the environment. p-Toluenesulfonyl chlo-
ride is a corrosive substance, and acetone is a harmful vol-
atile liquid. This experiment should be performed in a fume
hood, mostly due to Et;N, which is a volatile and harmful
liquid with a pungent smell. Students must be equipped
with protective gear, including a laboratory coat, safety
glasses, and gloves, during the laboratory class. Pheny-
lacetylene is harmful and flammable. Cul is a skin irritant.
Methylene chloride is a suspected toxic carcinogen and an
irritant to the skin, eyes, and lungs. n-Hexanes is flam-
mable and neurotoxic. The 1 M aqueous hydrochloric acid
solution and saturated aqueous ammonium chloride solu-
tion are corrosive. Anhydrous sodium sulfate is nonhaz-
ardous. The detailed hazard information of 4-methyl-N-
(phenylacetyl)benzenesulfonamide has not been reported
yet but should be regarded as a skin and eye irritating toxin.

RESULTS AND DISCUSSION

A total of 105 students conducted this experiment over
two semesters working in groups of two or three in a lab-
oratory class with less than 25 students. Each class had an
instructor, and students performed the reactions under the
guidance of an instructor.

All groups made the desired product without any dif-
ficulties. Students found the spots of the remaining phenylacet-
ylene and the desired product on thin-layer chromatography
(TLC) plates with a 254-nm UV lamp. The analysis indicated
that the product was more polar than the starting material.
One or two groups in a class reported trace amounts of
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phenylacetylene by TLC analysis, while the other groups
reported no remaining starting material. This deviation
might be caused by an error during the measurement of
phenylacetylene, as these students obtained % yields of 4-
methyl-N-(phenylacetyl)benzenesulfonamide that were
similar to those of the other groups.

Students obtained the desired product with yields of
42~65%. All groups observed the formation of the desired
product. The literature reported that the product was a
white solid, but most groups obtained 4-methyl-N-(phe-
nylacetyl)benzenesulfonamide as an ivory solid. However,
the '"H NMR spectra indicated that few impurities existed
in the product (see the Supporting Information, page S5).
Students suggested that the recrystallization step was
responsible for the moderated % yield. For example, stu-
dents commented that they used too much hot CH,Cl; to
dissolve the crude product, resulting in less than 50% yield.
Most students obtained a melting point in the range of
148-150 °C, consistent with the melting point reported in
the literature (146—148 °C).

Due to limited instrument availability and laboratory-
class time, the instructor selected two groups in each class
to obtain FT-IR spectra. Students were provided copies of
the FT-IR spectra and the NMR spectra. Students assigned
the peak at 1681 cm™ to a carbonyl stretch, indicating a carbonyl
group exists in the product. Some students also commented in
their report that the peak at approximately 3200 cm™ cor-
responded to an N-H stretching vibration from an amide
moiety (see the Supporting Information, page S6).

Analyses of the NMR spectra were more challenging to
students. Most students did not have any difficulties assigning
the N—H and two alkyl C—H protons. However, the assign-
ments of the aryl C—H protons were not trivial, and stu-
dents provided various answers based on the numbers of
each proton. In the >C NMR spectra, all students noted
that the peak at & 169.59 indicated the presence of a car-
bonyl moiety. Students also easily determined that the two
peaks at & 43.77 and & 21.82 each corresponded to an sp’
carbon in the product.

Many students agreed that this experiment was helpful
to understand spectroscopic analysis, which students learned
in organic chemistry (see the Supporting Information for
the postlab survey results, page S7-S8). Among 28 respon-
dents, 15 students marked “Strongly Agree,” and 10 students
marked “Agree”. The strong agreement proves that parallel
learning of spectroscopy in a classroom and laboratory was
effective. Therefore, this experiment is appropriate for sec-
ond-year undergraduate students because spectroscopy in
organic chemistry is generally taught during the second-
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year in college. Delivering the concept of Cu catalysis was
also satisfactory. Although the detailed reaction mechanism
and catalytic cycle were not covered deeply in this exper-
iment, 18 students among the 28 respondents agreed that
they understood the importance and the essential concept
of Cu catalysis, including Cu-mediated sp-C—H activation,
Cu-acetylide formation, and the attack of Cu-acetylide with
p-toluenesulfonyl azide. One student commented that this
experiment surprised him, as it involved a novel route to
an amide from an alkyne and azide rather than a traditional
coupling of an acid and amine.

CONCLUSION

A Cu-catalyzed amide synthesis was conducted by sec-
ond-year undergraduate students. The reaction process was
simple and straightforward. Students performed an extraction,
a recrystallization, and the determination of the melting
point of the product. FT-IR and NMR spectral analyses
enhanced the students’ understanding of spectroscopy.
Students had the chance to learn chemistry dealing with
Cu catalysis. Feedback from students proved that the ped-
agogical goals of this experiment were achieved.
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